Functional neuronal correlations between pairs of neurons are thought to play an important role 21 in neuronal information processing and optimal neuronal computations during attention, 22 perception, decision-making and learning. These noise correlations are often assumed to be 23 stable in time. However, recent studies suggest that cognitive processes are rhythmic, this 24 rhythmicity accounting for variations in overt behavioral performance. Whether this 25 rhythmicity coincides with variations in shared noise variability is unknown. Here, we perform 26 simultaneous recordings from the macaque frontal eye fields, while animals are engaged in a 27 spatial memory task. We report that noise correlations in prefrontal cortex fluctuate 28 rhythmically in the high alpha (10-16Hz) and beta (20-30Hz) frequency ranges. Importantly, 29 these rhythmic modulations in shared neuronal variability account for dynamic changes in overt 30 behavioral performance. They also coincide with increased spike-LFP phase coupling in these 31 specific frequency ranges, the spatial profile of which vary between superficial and deep 32 cortical layers. Finally, we demonstrate, using an artificial neuronal model, that rhythmic 33 variations in noise correlation oscillations parsimoniously arise from long range (LFP) and local 34 spike-LFP phase coupling mechanisms. Thus a significant portion of noise correlation 35 fluctuations can be attributed to long-range global network rhythmicity. 36 37 65 rhythmic modulations in noise correlations account both for overt behavioral performance and 66 for layer specific modulations in spike-field phase coupling. Based on an artificial model, we 67 demonstrate that rhythmic variations in noise correlation oscillations parsimoniously arise from 68 long range (LFP) and local spike-LFP phase coupling mechanisms. 69 70 4
Introduction 38
Neuronal responses to the same stimulus fluctuate in time and across repetitions 1, 2 . This 39 response variability is thought to be shared among functionally close neurons and is often 40 referred to as noise correlations 3 . These noise correlations reflect the amount of co-variability, to fixate it. They were then rewarded for producing a manual response 150ms to 94 800ms following the color change of this new fixation stimulus. 95 96 Very few studies have addressed the question of how noise correlations vary as a 97 function of time. 26 show that in primary visual cortex V1, noise correlations between neurons 98 are modulated by gamma phase, synchronization in the 35-60Hz gamma-band producing 99 maximal stimulus selectivity as well as minimal noise correlations. Whether this generalizes to 100 other cortical regions and whether these variations in noise correlations are of behavioral 101 relevance is currently unknown. 102 Here, we quantify variations in noise correlations during the cue to saccade go signal 103 epoch, away from the initial sensory processing of the spatial cue. Specifically, in each session 104 (n=26), noise correlations were computed between each pair of task-responsive channels 105 (n=671, see Methods), during the spatial memory delay, running from 300ms to 1500ms 106 following cue offset. During this epoch monkeys were required to memorize the cue location 107 and get prepared to produce a spatially oriented saccade in response to an unexpected saccade 108 go signal (fixation cross offset). In these computations, we included only trials with cue to go 109 signal duration longer than 1500ms. Figure 2A to before ( figure S3B ). In contrast with SFC, this increase in LFP power is also more 156 pronounced when the monkey is being cued towards the preferred than towards the non-157 preferred spatial location of the recorded signals ( figure S3B ). Overall, this thus suggests that / gamma spike field coherence ratio, 61 . In our own data, as recordings were performed 173 tangentially to FEF cortical surface, we have no direct assignation of the recorded MUAs to 174 either superficial or deep cortical layers. However, the LFP alpha / gamma spike field coherence 175 ratio provides a very reliable segregation of visual and visuo-motor MUAs at the same 176 recording sites (figure 3A). We thus consider that, as has been described for area V4, this 177 measure allows for a reliable delineation of superficial and deep layers in area FEF. attentional processes remains to be explored 28,62,65 . Importantly, these rhythmic fluctuations in 249 noise correlations are not specific to spatial memory processes, and can be observed in simple 250 fixation or target detection tasks 66 .
Rhythmic fluctuations in noise correlations modulate behavioral response

251
Rhythmic noise correlations in neuronal population impact information capacity and
252 behavior. 253 The information capacity of a population code is thought to decrease as correlated noise and in the lower alpha 83 frequencies, supporting the hypothesis that attention is an intrinsically 282 rhythmic cognitive process 25 . The oscillations in noise correlation described here take place in 283 frequency ranges that are independent from those described in spatial attention and memory 284 studies. This suggests that they are of a different neuronal origin and correlate with neuronal 285 mechanisms that are distinct from those at play during selective spatial cognitive processes. 
292
Mechanism accounting for rhythmic noise correlations. 293 The rhythmic fluctuations in noise correlations we describe here co-exist with rhythmic 294 fluctuations of SFC in the same frequency ranges. This supports a functional link between these 295 two processes. The origin of this shared noise variability is still a subject of debate; it can arise 296 from the afferent pathways 2,4 , from top-down signals 75,76 , or from coherent synchronization 297 mechanisms in functional sub-networks. Our model confirms that rhythmic variations in noise 298 correlations are parsimoniously accounted for by joint long-range influences reflected in the 299 LFP alpha and beta ranges and selective local SFC mechanisms in these very same frequencies.
300
This causal link being irrespective of changes in LFP power away from these frequency ranges.
301
In other words, long-range high alpha and beta modulate the degree of synchronization between 302 local neuronal populations (figure 5, right). Confirming this observation, we show that at the 303 same time as the strength of noise correlation high alpha and beta oscillations vary as a function 304 of the ongoing task, so does SFC 66 . Supporting these long-range influences on noise 305 correlations, we show that, in the absence of spatial memory signals, SFC modulation in the 306 alpha range strongly decreases in the more superficial cortical layers as compared to the deeper 307 layers. We propose that SFC coupling selectivity to specific frequency ranges is due to the 308 biophysical membrane properties of specific prefrontal cell types 77 . This will need to be further 309 investigated. In addition to these long-range modulations, local recurrent connectivity also 
